Tree-SPH, numerical simulations of disk galaxy formation in a cosmological context are presented. For the "passive" variant of such simulations, i.e. simulations not including the effects of stellar feedback processes, it is found that the resulting disk "galaxies" are far too small and specific angular momentum deficient, by about a factor of 8 in size and about a factor of 20 in specific angular momentum, compared to real disk galaxies.
Introduction
Understanding the intrinsic properties of the two main types of galaxies -disk and elliptical -calculating from first principles the formation and evolution of both types (i.e. ab initio calculations including all relevant physics) is one of the most important and challenging problems of modern astrophysics.
The luminosity of disk galaxies is, to a first approximation, a function of one physical quantity, V c , the asymptotic circular speed of the disk galaxies (e.g., Tully & Fisher, 1977 , Zwaan et al. 1995 . In this respect, the disk galaxies constitute a one-parameter family.
Elliptical galaxies, on the other hand, are somewhat more complicated intrinsically, as, for example, the luminosity is a function of (at least) the two physical quantities, σ p , the central projected velocity dispersion, and Σ e , the effective surface brightness (e.g., Dressler et al. 1987 , Djorgovski & Davis 1987 .
Furthermore, elliptical galaxies can be formed via merging of disk galaxies (e.g., Toomre & Toomre 1972 , White 1979 , Barnes 1988 , and it has even been suggested that disk galaxies are the fundemental "building blocks" of the Universe, and that almost all ellipticals are formed through merging of disks (e.g., Fall 1979 , Kauffmann et al. 1993 , Baugh et al. 1996 .
Because the Milky Way, which is the galaxy that we have, by far, the most observational information about, is a disk galaxy and for the reasons given above, it seems prudent to try to tackle the problem of disk galaxy formation and evolution first.
In a previous paper (Vedel, Hellsten & Sommer-Larsen 1994 , hereafter VHSL94) we described simulations of the formation of disk galaxies in the presence of a background UVX radiation field, which provides an explanation of the low optical depth in neutral hydrogen observed in the Universe to large redshifts (the Gunn-Peterson effect) -e.g. Gunn & Peterson (1965) , Efstathiou (1992) -and also the properties of the Lyα forest -e.g., Hernquist et al. (1996) . In our paper we used highly idealized initial conditions -a top-hat over-density pertubation in solid body rotation with dimensionless spin parameter λ = 0.08. In this paper we describe simulations starting from much more realistic initial conditions in the form of a cosmological simulation based on the standard Cold Dark Matter (CDM) model. Similar studies have been undertaken by, e.g., Navarro & White (1994) , Navarro et al. (1995) and Navarro & Steinmetz (1997, hereafter NS97) .
It is found that realistic disk galaxies do not result from "passive" simulations i.e. simulations not involving energy and momentum feedback to the gas from supernova explosions, stellar winds, UV radiation from OB stars etc. The "galaxies" that form in such simulations at the centers of dark matter halos are much too compact compared to real disk galaxies. This is mainly due to a significant loss of angular momentum from the baryonic component to the dark matter halos.
We subsequently discuss two possible avenues towards solving the disk galaxy size and angular momentum problem: 1) Stellar feedback processes in cold and dense, proto-galactic gas clouds and 2) Relatively early reheating of the Universe.
We present results of test simulations which indicate that the incorporation of stellar feedback processes in dense, proto-galactic gas clouds in the simulations will significantly alleviate the angular momentum loss problem, leading to much more realistic results.
We also discuss results of simulations with relatively early reheating of the Universe and show that this approach probably holds less promise, at least for large (Milky Way sized) disk galaxies.
We describe the code and simulations in section 2, discuss the results obtained from the "passive" simulations in section 3 and possible solutions to the disk galaxy size and angular momentum problem in section 4. Finally section 5 constitutes a brief conclusion.
2 The code and the simulations
The Code
We use the fully particle based, Lagrangian Tree-SPH, N-body and hydrodynamical code described in VHSL94 for the study of formation and evolution of galaxies. There is one minor modification compared to the code described in VHSL94: The semi-implicit method of solving the energy equation for the gas, described by Hernquist & Katz (1989) , was found in some cases to give incorrect results. Alternatively, a partly explicit method was developed, tested and found always to give satisfactory solutions to the energy equation.
We assume that a redshift dependent, homogenous and isotropic UVX radiation field is present, as described in VHSL94, and effects of inverse Compton cooling are also included in the simulations. This implies that the resulting radiative cooling and heating functions are redshift dependent.
The initial conditions and the simulations
We assume the standard CDM model with Hubble constant H 0 = 50 km s −1 Mpc −1 (h = H 0 /(100 km s −1 Mpc −1 ) = 0.5), density parameter Ω = 1 and cosmological constant Λ = 0 throughout this paper. The standard CDM power spectrum P (k) was used (on the scales of interest for this paper,
, where c is a constant). Initially ∼ 64 3 dark matter (DM) particles were arranged on a lattice inside a sphere of comoving radius 40 Mpc. Position and velocity perturbations were calculated using the Zel'dovich approximation in order to realize the CDM power spectrum, normalized so σ 8 = 0.5 (Eke, Cole & Frenk 1996) , where σ 8 is the variance in spheres of radius of 8 h −1 Mpc. The perturbations consisted of the superposition of N k ∼ 40000 plane waves with amplitudes drawn from a Gaussian distribution with variance given by the power spectrum. Following Navarro & White (1994) we used an equal number of waves per logarithmic interval in k-space. The phases of these waves were random and only wavenumbers between the fundamental and Nyquist wavenumber of the lattice were included.
Using a Tree code, the purely gravitational, dark matter cosmological simulation, with isolated boundary conditions, was then evolved from a relatively high redshift (z i ≃ 18) until the present, z=0, and stored as a cosmological "movie". At z=0 virialized, relaxed and isolated dark matter halos (field galaxies), which have circular velocity V c similar to that of the Milky Way (≃ 220 km/s), were identified in the central regions of the cosmological simulation. A total of four systems, with circular velocities between 200 km/s and 260 km/s were selected and all particles within a sphere of virial radius (corresponding, here and in the following, to an average over-density of a factor 200) were traced back to z i . We found that all the particles belonging to these systems were contained in spheres of comoving radius 3 Mpc.
Subsequently, at z i ≃ 18, a 4 times finer lattice is used to set down DM particles inside these spheres. The spheres each contained ∼ 7000 DM particles. Perturbations were calculated including the same waves as before but adding ∼ 600000 new ones allowed by the increased Nyquist wavenumber of the finer lattice. Gravitational interactions with the surrounding regions were included to provide an appropriate tidal field. In practice the cosmological "movie" was used as a lookup table to find the positions of surrounding particles at any given time.
About 14000 gas particles (two per DM particle) were set down inside the spheres, so that the gas initially traces the dark matter. The masses of the gas particles were determined by the assumed baryonic fraction, Ω b = 0.05 (consistent with the standard big bang nucleosynthesis limits, 0.01
The mass of each gas particle inside the sphere was 2.9 10 7 M ⊙ . The mass of each DM particle was determined by the condition Ω b + Ω DM = 1 and was equal to 1.1 10 9 M ⊙ . The initial internal energy of the gas particles at z i was chosen to correspond to a low temperature, T i ∼ 100 K.
Gravitational interactions between neighbouring particles were softened, using the Hernquist & Katz (1989) softening, with softening lengths 3 kpc for the gas particles and 10 kpc for the dark matter particles respectively. The gravitational softening lengths were kept constant in time, in physical units.
We carried out four simulations, again from z i ≃ 18 to z=0, using the full Tree-SPH code in the high resolution spheres and the tidal field from the surroundings to follow the formation and evolution of four "galaxies", which we shall denote S1, S2, S3 and S4, respectively. At each timestep a tree, which contained both the high resolution region and the surrounding cosmological simulation, was constructed. Gravitational interactions between the particles inside the high resolution region, and between the particles in the high resolution region and the surrounding "cosmological" particles, were calculated using this tree.
Tests show this whole procedure of performing high resolution simulations of galaxy formation and evolution, in carefully chosen regions of the cosmological simulation, to work very well -see also Navarro & White (1994) .
Results of the "passive" simulations
The disk galaxies which form at the centers of their dark matter halos are far too small and compact compared with real disk galaxies of the same circular speed V c . A subsample of 203 observed Sb-Sd galaxies was carefully selected from the combined Mathewson et al./Byun sample (Mathewson et al. 1992 , Byun 1992 in such a way, that the diameter selection bias, inherent in this latter sample, was avoided in the subsample (Sommer-Larsen, Byun & Freeman 1998) . In Figure 1 , the I-band, inclination corrected (to face on), exponential disk scale-lengths, b 0 I , of the 203 disk galaxies are plotted versus V c , where V c is the amplitude of the flat part of the observed rotation curves. Also shown, at z = 0, are the 'scale-lengths', b model , of the 4 model galaxies S1-S4, defined as
where R is the distance from the centre of the galaxy, < R 2 > is the mass weighted average of R 2 and < R 2 > 1/2 = 1.94b for an exponential disk truncated at R t = 4b (V c for the model galaxies was defined as the amplitudes of the "real", i.e. gravitationally un-softened, rotation curves at R = 30 kpc, where the rotation curves were found to be approximately flat). As can be seen from the Figure, the model galaxies are about a factor of 8 too small compared with real galaxies at the same V c .
The situation is actually even worse than this, because due to effects of gravitational softening the model galaxies are too large for their angular momentum -see Sommer-Larsen, Vedel & Hellsten (1998) . Figure 2 shows the specific angular momenta j of the 203 observed galaxies, calculated as
versus V c (actually, since it is found empirically that j is approximately proportional to V 2 c , we have chosen to plot j/V 2 c as a function of V c ). Eq.
[2] is derived assuming an exponential disk, a constant rotation curve and a disk cut-off at R t = 4b. Also shown in the figure is j/V 2 c for the four model galaxies at z = 0 (open triangles). As can be seen from the Figure, the specific angular momenta of the model galaxies are on average about a factor of 20 smaller than the observed ones. The median spin parameter of the halos of the 4 model disk galaxies wasλ = 0.045, which is almost exactly equal to the theoretical median value of λ (e.g., Cole & Lacey 1996) .
Briefly and qualitatively, the main reason for this very large discrepancy is the following (see also Navarro & Benz 1991 , Navarro & White 1994 and Navarro et al. 1995 :
At quite high redshift a number of small dark matter halos form in the simulations (hierarchical clustering). The gas associated with these small halos cools quite quickly and falls dissipatively towards the centres of the halos forming small, dense, self-gravitating clumps of gas. Subsequently the small dark matter halos merge forming the bulk of the dark matter halo of the final galaxy.
Finally, on a time-scale comparable with the Hubble time, the gas clumps spiral inwards towards the central regions of the dark matter halo, eventually merging together and forming a (small) disk galaxy. During this last, slow merging process of the gas clumps a large amount of orbital angular momentum is transferred from the system of gas clumps to the dark matter halo via dynamical friction.
As shown in the pioneering work by Fall & Efstathiou (1980) , realistically sized disk galaxies would be expected to form out of the cooling and contracting gas in the absence of angular momentum loss. It is hence a direct consequence of the large angular momentum loss that unrealistically small disk galaxies form in the simulations.
The gas angular momentum loss of about a factor of 20 found in this work is broadly consistent with the findings of NS97 -but see below. Navarro et al. 1995 found a somewhat smaller loss factor of about 5, but this is probably due to resolution problems, as discussed by NS97.
VHSL94 found, using simulations with isolated, top-hat initial conditions, that the reduction in the radiative cooling rate for T ∼ 10 4 − 10 6 K and hydrogen number density n H < ∼ 1 cm −3 due to the background UVX radiation field leads to more realistic (more extended) disk galaxies in "passive" Tree-SPH simulations relative to the no UVX field case. By contrast, NS97, using "passive" disk galaxy formation simulations in a cosmological context, similar to the ones described in this paper, reached the opposite conclusion: the addition of the background UVX field leads to more compact disk galaxies.
We found this somewhat surprising and consequently carried out a comparative "passive" simulation of the formation of galaxy S4 without the inclusion of the UVX field, but otherwise completely identical to simulation S4. The resulting galaxy S4 noU V X had a specific angular momentum, at z = 0, of only 66% of that of S4, as shown in Figure 2 (open square). In Figure 3 the disk surface density profiles of galaxies S4 and S4 noU V X are shown, and, as can be seen from the Figure, S4 noU V X is clearly more compact than S4.
The reason for this discrepancy between our results and those of NS97 is not clear, but, judging from their Figure 9 , a number of gas particles with j ∼ 2000-8000 kpc km/s, corresponding to galactocentric distances of ∼ 7-40 kpc, might have been included in that disk galaxy. As the disks hardly extend beyond 3-4 kpc (cf., e.g., our Figure 3 ) the disk identification algorithm of NS97 thus may have a problem. On the other hand, since we have only carried out one comparative simulation without a UVX field, it would certainly be premature to draw any firm conclusions.
Towards solving the disk angular momentum problem
It is likely, that by getting the disk-forming gas to settle in a smoother and more gradual way, the angular momentum loss would be considerably reduced, since effects of dynamical friction would then be much less important.
There are, at least, two ways of possibly obtaining such a more smooth and gradual settling of gas into a large, high angular momentum disk, rotating in approximate centrifugal equillibrium: Stellar feedback and early reheating:
Stellar feedback processes
As proposed by Navarro & Benz (1991) probably the most promising way out of the problem is to incorporate effects of rapid stellar feedback processes into the simulations -see also, e.g., Navarro & White (1994) and Navarro et al. (1995) . The most important stellar feedback processes are: 1) Supernova (SN) explosions (mainly type II), 2) Stellar winds and 3) UV radiation from massive (OB) stars, the first being the most important, at least at low metallicities (Hellsten 1995) .
The main idea is that at a relatively high redshift, after small, dense gas clumps have formed in small dark matter halos, star-formation will start to take place in the gas clumps and shortly after this, the subsequent SN explosions blow the gas out to the outer regions of the halos, or completely out of the halos, leaving the gas in a low density and, probably, quite hot (T ∼ 10 6 K) phase -see, e.g., Dekel & Silk (1986) .
Problems associated with incorporating feedback into Tree-SPH simulations
It is, however, non-trivial to incorporate this into the Tree-SPH simulations:
Let the star-formation rate in the dense gas clumps be given by
where
τ (≥ 1) is an inverse star-formation efficiency parameter and G is the gravitational constant. The rate of SN explosion energy input into the inter-stellar medium (ISM) is given byĖ
where ν SN is the number of massive stars exploding as supernovae per unit mass of gas converted into stars and E SN is the kinetic and thermal energy released per SN explosion, E SN ∼ 10 51 ergs. The rate of radiative cooling per unit volume is given bẏ
where Λ cool (T ) is the (net) cooling function. Hence is is easy to show that the ratio of the rate of SN energy input to the rate of cooling in the gas clump is
where m p is the mass of the proton, X is the hydrogen mass fraction, assumed to be 0.76, ν 100 = (100 M ⊙ )ν SN , E 51 = E SN /10 51 ergs, Λ −23 is the cooling function in units of 10 −23 ergs cm 3 s −1 and n H is the hydrogen number density in units of cm −3 . For typical, well resolved gas clumps in the simulations, the density is n H ∼ 10 2 − 10 4 cm −3 , so for temperatures in the range 10 4 − 10 6 K, q ≪ 1. Consequently almost all the SN explosion energy is immediately radiated away, and essentially no energy is left to blow out the gas. This problem was found already by Katz (1992) in his Tree-SPH simulations of galaxy formation, including effects of star-formation and the associated feedback, and it is a consequence of effectively treating the ISM as a one-phase medium in the simulations, due to resolution limitations.
In reality, of course, the ISM is a multi-phase medium. By treating the ISM as a (still simplified) two-phase medium, consisting of a warm phase (T ∼ 10 4 K) and a hot phase (T ∼ 10 6 K), Sommer-Larsen, Hellsten & Vedel (1998) show that SN driven, hot, gas outflows can be very efficient during early stages of galaxy formation, when the metallicity is low. But unfortunately it is still non-trivial to implement this in the Tree-SPH simulations. A two phase ISM, feedback approach is also discussed in Yepes et al. (1997) .
An alternative approach in the Tree-SPH simulations is to return some of SN energy as outwardly directed kinetic energy -see, e.g., Navarro & White (1993) and Mihos & Hernquist (1994) . This approach, however, at least as implemented so far, lacks a clear physical basis, as the smallest resolvable scale in the simulations is much larger than the typical SN remnant scale (by about two orders of magnitude).
A gas outflow "toy" model
Might stellar feedback processes be the solution to the disk angular momentum problem? To address this question we carried out the following test simulations:
In simulation S4 we identified, at z=2.4, all cool gas clumps defined by log(T ) < 4.5 and log(n H ) > -2.5 -a total of 19 clumps were found. To mimic the effect of starburst-driven gas outflow events, we then deposited the gas of each of the 19 cool clumps uniformly in a spherical shell between r in = αr 0 and r out = 2αr 0 around the center of mass of the gas clump, where r 0 (∼ 60 kpc) was the virial radius, at z=2.4, of the central and largest dark matter halo (the "seed" of the forming disk galaxy S4). The parameter α was taken to be α = 1.2 for the results presented here, but moderate variations of α did not significantly affect the outcome of the simulations. The temperature of the "blown out" gas was not changed and, for a given gas clump, all the "blown out" gas was given the same velocity, the center of mass velocity of the original, cold gas clump. This was done to ensure that no extra angular momentum or thermal energy was added to the simulations (the angular momenta of the original 19 cold gas clumps were completely insignificant).
We then continued the simulation, exactly as before, and ran it to z=0. The gas subsequently settles gradually in a low density, cooling flow way as a large disk, S4 F B , rotating in approximate centrifugal equillibrium. An edgeon view of the disk at z=0, is shown in Figure 4 -the disk clearly extends beyond R ≃ 10 kpc and is warped in the outer regions, much like the disks of real disk galaxies. The disk surface density profile is shown in Figure 5 -the disk is almost perfectly exponential with a scale-length of about 2 kpc. The "real" (gravitationally un-softened) rotation curve, i.e. the rotation curve calculated from the mass distribution using Newtonian gravity, is shown in Figure 6 and also looks reasonably realistic (but see below). Figure 7 shows a face-on view of the velocity field of the disk -clearly, the disk is rotating in approximate, centrifugal equillibrium.
The specific angular momentum of the disk is only a factor 2-3 below the observed average at that V c , as can seen from Figure 2 (starred symbol). At a given V c , the observed scatter of the specific angular momentum of disk galaxies is about a factor of 2 around the mean, which is just what would be expected on theoretical grounds due to the scatter in the spin parameter λ of the disk galaxy, dark matter halos cf., e.g., Fall & Efstathiou (1980) , so the model disk appears to be almost realistic. Unfortunately, the spin parameter of the halo of galaxy S4 (and of S4 noU V X and S4 F B ) is λ = 0.05, and as this is even slightly larger than the theoretical median value of λ (e.g., Cole & Lacey 1996) , it seems that the model disk galaxy is still deficient in specific angular momentum by a factor 2-3. In accordance with this, the scale-length of the disk is about a factor 2 too small compared to the observed median value at that V c (Figure 1) , and the rotation curve is slightly peaked in the inner parts of the galaxy (Figure 6 ).
We suspect that this is due to viscous transfer of angular momentum in the cooling flow, due to the artificial viscosity used in SPH. We quantify this in Vedel, Gelato and Sommer-Larsen (1998) and also show, that the introduction of an artificial viscosity of the Balsara (1995) type, which vanishes for a pure shear flow and significantly reduces angular momentum transport in equillibrium disks, e.g., NS97, does not suppress the viscous angular momentum loss in a cooling flow type galaxy formation scenario. Consequently this appears to be a generic problem for SPH, at least in its present implementations.
Finally we note that this "toy" model for feedback, described above, is conservative in the sense that we did not allow subsequent starburst-driven gas blow-out events to occur.
Early reheating of the Universe
Another approach towards solving the disk angular momentum problem is to assume that the Universe was reheated and reionized at a relatively high redshift z RH , when the Universe was still fairly homogenous on galactic scales.
This would be possible if, even at relatively high redshifts, a fraction of the gas was in the form of a dense, cold phase (see, e.g., Tegmark et al. 1997 ) out of which a small amount of stars formed. The more massive of these would subsequently explode as supernovae and the energy released, more or less uniformly, would heat the ISM to temperatures of < ∼ 10 5 K (see below). This might significantly inhibit the formation of the small, dense gas clumps at the centers of small dark matter halos and consequently reduce the loss of angular momentum, by dynamical friction, during the formation of a big disk galaxy, like the Milky Way.
The SN energy released per unit gas mass is given by
where f ⋆ is the fraction of gas, which is converted into stars. Assuming that this mechanical and thermal energy is turned into thermal energy of the remaining ISM with some efficiency β (≤ 1), accounting for radiative energy losses etc., it is easy to show that the temperature of the remaining gas then increases to
where µ is the molecular fraction, taken to be 0.6, k B is Boltzmann's constant, R is the stellar return fraction (0 < R < ∼ 0.4) and in the last part of eq.
[9] it has been assumed that (1 − R)f ⋆ ≪ 1. We now give two arguments, why f ⋆ must be small, if non-zero: Firstly, the stars which form at z RH would be expected to end up in the halos of disk galaxies, e.g., Sommer-Larsen et al. 1997 , and, as the mass of the stellar halo of the Milky Way is only of the order 1% of the total baryonic mass, f ⋆ < ∼ 0.01/(1−R). The second argument is based on chemical evolution considerations : Beers & Sommer-Larsen (1995) 
where p is the yield and in the last part of eq.
[10] it has been assumed that (1−R)f ⋆ ≪ 1. As the oxygen yield p ∼ 2 3 Z ⊙ (O) (Pagel 1997 ) and the oxygen abundance of the pre-dissipated disk gas must have been
For a Scalo (1986) "best-fitting" initial mass function (IMF), ν 100 ∼ 0.4. So with E 51 < ∼ 1, one would expect, from eq. [9] , that T RH < ∼ 10 5 K. There are some indications that the global IMF is more top-heavy than the Scalo "bestfitting" one (e.g., Kennicutt, Tamblyn & Congdon 1994 , Sommer-Larsen 1996 , Tsujimoto et al. 1997 ) implying ν 100 ∼ 1. Using this, and setting β = 1, a firm upper limit to T RH would be T RH < ∼ 5 10 5 K. If the early IMF was extremely top-heavy, and consequently (1 − R) → 0, the Milky Way stellar halo mass argument, given above, could be by-passed, and, in principle, f ⋆ > ∼ 0.01 and T RH > ∼ 5 10 5 K. The chemical evolution argument, however, would still be valid, because the stars, which produce the SN explosions on a short time-scale, are the massive stars, M > ∼ 8 M ⊙ , and therefore pretty much the same stars that produce the oxygen. Note, though, that the existence of a very metal-weak tail of the Galactic disk recently has been questioned (Ryan & Lambert 1995 , Chiba & Yoshii 1997 .
The inverse Compton cooling rate is given by (Ikeuchi & Ostriker 1986) Λ C = 5.41 10 −36 n e T (1 + z)
where n e is the number density of free electrons in units of cm −3 . For a fully ionized, primordial plasma the inverse Compton cooling timescale is then given by
independent of density and temperature. t C is equal to the Hubble time, for the adopted cosmology, at z eq ≃ 7. So for z RH > ∼ z eq one would expect that SN energy released is quickly cooled away. To test this we carried out two simulations of the formation of galaxy S4 with T RH = 10 5 K and 5 10 5 K, respectively, and z RH = z i ≃ 18. We indeed found that almost all the thermal energy input in the simulations by the SN heating was rapidly lost by inverse Compton cooling and the final outcome of the simulations was almost indistinguishable from the "passive" simulation S4, starting from T i ∼ 100 K. Secondly, we carried out two simulations of the formation of galaxy S4, again with T RH = 10 5 K and 5 10 5 K, and again starting at z i ≃ 18, but with reheating occurring at z RH ≃ 6. In this case only a small fraction of the thermal energy was lost due to inverse Compton cooling, but even for the T RH = 5 10 5 K simulation, the final galaxy, at z=0, only had a marginally larger specific angular momentum, relative to the "passive" simulation S4.
So reheating of the Universe, at least as implemented here, does not seem to solve the disk galaxy angular momentum problem for large (Milky Way sized) galaxies. It might, however, work for smaller disk galaxies -we shall return to this in a forthcoming paper.
An alternative heating mechanism would be heating by the radiation coming from a quasar, located in the host proto-galaxy. It is, however, fairly easy to show that such photo-heating never could raise the gas temperature above T QH < ∼ 10 5 K for any reasonable choice of quasar spectrum. Furthermore, the comoving density of quasars peaks quite late, at a redshift z ∼ 2.
Conclusions
For "passive" Tree-SPH, gravitational/hydrodynamical simulations of disk galaxy formation and evolution, in a cosmological context, it is found, that the resulting disk "galaxies" are far too small and specific angular momentum deficient, by about a factor of 8 in size and about a factor of 20 in specific angular momentum, compared to real disk galaxies.
Two potential ways of solving this disk galaxy size and angular momentum problem have been discussed: 1) Stellar feedback processes in cold and dense, proto-galactic gas clouds and 2) Relatively early reheating and reionization of the Universe.
Test simulations have been presented, indicating that the first approach is a likely solution to the problem, whereas the second holds less promise, at least for large (Milky Way sized) disk galaxies. It might, however, work for smaller disk galaxies.
Figure 1: Inclination corrected (to face-on), I-band, exponential disk scalelengths of a sample of 203 Sb-Sd galaxies versus V c (filled circles). The solid line is a least-squares, linear fit to the data (in the log-log diagram). Also shown are the "exponential scalelengths" (eq. [1]), at z=0, of the 4 model disk galaxies S1-S4, from the standard, "passive" simulations (open triangles), of the model disk galaxy S4 noU V X , from the comparative, no-UVX field, "passive" simulation (open square) and of the disk galaxy S4 F B from the "gas outflow", test simulation (starred symbol). Figure 1 , the solid line is a fit to the data. Also shown are j/V 2 c , at z=0, of the 4 model disk galaxies S1-S4, from the standard, "passive" simulations (open triangles), of the model disk galaxy S4 noU V X , from the comparative, no-UVX field, "passive" simulation (open square) and of the disk galaxy S4 F B from the "gas outflow", test simulation (starred symbol). 
